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Summary
Background: Epithelial remodeling, in which apical-basal
polarized cells switch to amigratory phenotype, plays a central
role in development and disease of multicellular organisms.
Although dynamic microtubules (MTs) are required for
directed migration on flat surfaces, how MT dynamics are
controlled or contribute to epithelial remodeling in a more
physiological three-dimensional (3D) environment is not
understood. We use confocal live-cell imaging to analyze MT
function and dynamics during 3D epithelial morphogenesis
and remodeling of polarized Madin-Darby canine kidney
epithelial cells that undergo partial epithelial-to-mesenchymal
transition in response to hepatocyte growth factor (HGF).
Results:We find that HGF treatment increasesMT growth rate
before morphological changes are evident and that large
numbers of MTs grow into HGF-induced cell extensions inde-
pendent of centrosome reorientation. Using lentivirus-medi-
ated small hairpin RNA, we demonstrate that EB1, an adaptor
protein that mediates recruitment of numerous other +TIP
proteins to growing MT plus ends, is required for this HGF-
induced MT reorganization. We further show that protrusion
and adhesion dynamics are disorganized and that vesicular
trafficking to the tip of HGF-induced cell extensions is disrup-
ted in EB1-depleted cells.
Conclusions: We conclude that EB1-mediated interactions
with growing MTs are important to coordinate cell shape
changes and directed migration into the surrounding extracel-
lular matrix during epithelial remodeling in a physiological 3D
environment. In contrast, EB1 is not required for the establish-
ment or maintenance of apical-basal cell polarity, suggesting
different functions of +TIPs and MTs in different types of cell
polarity.
Introduction
Epithelial cells are typically polarized with a basal surface con-
necting to the underlying extracellular matrix (ECM), and an
apical domain facing the topological outside of the organism.
Although apical-basal polarity is critical to normal epithelial
function and homeostasis, epithelial tissue architecture is
remodeled during many developmental processes [1]. For
example, branching morphogenesis during mammary gland
or kidney tubule development requires that individual cells
lose apical-basal polarity, change shape, and acquire a more
mesenchymal, migratory phenotype [2]. Such migratory cell
shape changes are ultimately driven by reorganization of the
cytoskeleton, a process that has been studied predominantly
in cells migrating on flat and rigid two-dimensional (2D)
surfaces. In 2D, directed cell migration is primarily motored*Correspondence: torsten.wittmann@ucsf.eduby actin polymerization that is required for leading edge
protrusion. Adhesion turnover and myosin-mediated contrac-
tility further facilitate net forward movement. In many cell
types, dynamic microtubules (MTs) are required to establish
and maintain 2D directed migration. MT dynamics are spatio-
temporally controlled with most growing MT ends facing
toward the direction of migration [3, 4]. However, to what
extent MT dynamics are regulated or MTs contribute to cell
shape changes in more physiologically relevant 3D environ-
ments is not known largely because of the technical chal-
lenges associated with high resolution microscopy of live cells
embedded in a 3D matrix.
MTs are highly dynamic polymers that stochastically switch
between phases of growth and shortening, and complex rela-
tionships exist between the regulation of MT growth dynamics
and extracellular matrix properties in a 3D environment
[5]. +TIPs, a heterogeneous group of proteins that reversibly
bind to growing MT ends, have been proposed to control MT
dynamics and interactions with other intracellular structures
[6]. Specifically, the Adenomatous polyposis coli protein
(APC), spectraplakins (ACF7), and cytoplasmic linker associ-
ated proteins (CLASPs) mediate MT interactions with cortical
structuresandsignaling factorsat the leadingedgeofmigrating
cells [7–9] andmay be important regulators of cell architecture.
Most +TIPs do not directly bind to growing MT ends but are
recruited by end-binding proteins (EBs) that have emerged as
central components of +TIP protein interaction networks. EBs
are small dimeric proteins consisting of an N-terminal calponin
homology domain that directly recognizes a structural feature
of growing MT ends and a C-terminal EB homology domain
that mediates localization of other +TIPs [10].
Here, we use a physiological 3D epithelial tissue culture
system to address MT dynamics and function during epithelial
morphogenesis and remodeling. ECM-embedded Madin-
Darby canine kidney (MDCK) cells develop into spherical cysts
with a central lumen and distinct apical-basal polarity. Stimu-
lation with hepatocyte growth factor (HGF) results in 3D
epithelial remodeling in which cells undergo a partial epithe-
lial-to-mesenchymal transition (EMT) and send out dynamic
cell extensions into the surrounding extracellular matrix
[1, 11]. Using spinning disk confocal microscopy, we resolved
the challenge of imaging real-time cytoskeleton behavior in 3D
at high spatial and temporal resolution. We examine MT
dynamics in both polarized MDCK cells and during epithelial
remodeling by computational tracking, and we report exten-
sive reorganization of the MT cytoskeleton and MT dynamics
during HGF-induced cell shape changes. We further demon-
strate that EB1 and +TIPs recruited to growing MT ends by
EB1 are critically important for coordinated protrusion and
cell-matrix adhesion dynamics during the early stages of
HGF-induced epithelial remodeling.
Results
Microtubule Reorganization during Epithelial Remodeling
in a 3D Environment
In order to analyze MT function and dynamics during epithelial
remodeling in a physiological 3D environment, we adapted an
Figure 1. Microtubule Cytoskeleton Reorganization during HGF-Induced Epithelial Remodeling
(A) Spinning disk confocalmicroscopy optical sections of a polarizedMDCK cyst stained for F-actin (magenta) andMTs (green). Distance from the bottom of
the cyst is indicated. The bottom panel is a z axis reconstruction, and the approximate location of the optical sections shown is indicated.
(B) Diagram of the 3D MDCK epithelial culture system adapted for high-resolution imaging.
(C) Single optical section of F-actin (magenta) andMTs (green) 24 hr after HGF addition. Insets show amaximum intensity projection of the indicated area at
higher magnification to illustrate the dense MT array extending to the extension tip.
(D) EGFP-g-tubulin time-lapse sequence in an HGF-induced extension showing centrosome separation and dynamics. Centrosomes remain close in the
neighboring polarized cell that has not formed an extension. Elapsed time is indicated in hr:min.
(E) Distance between centrosomes in untreated polarized cells and cells with HGF-induced extensions. Gray symbols are measurements from individual
cells (n = 50).
(F) Images from medial optical sections of EB1-2xEGFP time-lapse sequences recorded at 2 frames s21 with the apical surface oriented to the left. The
bottom panels show kymographs perpendicular to the apical-basal cell axis. Oblique lines represent MT ends growing toward the basal surface or into
the HGF-induced extension, respectively. Scale bars represent 10 mm. See also Figure S1 and Movie S1.
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754organogenesis model system for high-resolution spinning-
disk confocal microscopy. Briefly, single MDCK cells seeded
on coverslips coated with a thin Matrigel basement membrane
matrix layer were overlaid with diluted Matrigel to allow devel-
opment of polarized epithelial cysts. To induce partial EMT,
cell outgrowth, and migration into the surrounding matrix, we
treated polarized cysts with HGF after replacing the Matrigel
overlay with collagen (Figure 1B) [12, 13].
We first compared polarized and HGF-treated cysts by
immunofluorescence to determine how the cytoskeleton isreorganized during this morphological change. As expected,
prior to HGF treatment, filamentous actin (F-actin) predomi-
nantly localized to cell-cell junctions andmicrovilli at the apical
surface (Figure 1A). The spherical geometry of MDCK cysts al-
lowed direct observation of apical, basal, and lateral MT arrays
in different optical sections. MTs formed a dense network just
below the apical microvilli and a less dense network at the
basal surface. Cross-sections of perinuclear MT and F-actin
bundles above the basal surface were consistent with MT
organization typical for polarized epithelial cells [14], and
Figure 2. EB1 Is Required for HGF-Induced Epithelial Remodeling
(A) Immunoblot of lysates from cells expressing different shRNA constructs after 7 days of puromycin selection. Tubulin was used as loading control.
(B) MDCK cells stably expressing control or EB1 shRNA#3, transiently transfected with an EGFP-tagged, nonphosphorylatable construct encoding the
CLASP2 EB1-binding domain (CLASP2 M) [8]. Insets show indicated region at higher magnification. Scale bar represents 10 mm.
(C) Phase contrast images of control and EB1-depleted HGF-treated MDCK cysts. Scale bar represents 20 mm.
(D) Quantification of HGF-induced cell extension into the surrounding collagen matrix. Graphs show the average length of the three longest extensions
measured from extension tip to cyst edge. Gray symbols are the average of 80–100 cysts from three separate experiments. Black circle represents the
average of these three experiments. Error bars indicate 95% confidence interval.
(E) Phase contrast images of EB1DC-2xEGFP-expressing control and EB1-depleted HGF-treated MDCK cysts, and quantification of HGF-induced cell
extensions as in (D). Scale bar represents 20 mm. See also Figure S2 and Movie S2.
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755MTs in medial sections were resolved much more clearly
compared with z axis reconstructions (Figure 1A, bottom
panel). HGF treatment resulted in extensive cytoskeleton reor-
ganization. After 24 hr, individual cells had formed long exten-
sions from the basal surface into the surrounding collagen
matrix that often terminated in lamellipodia-like, F-actin-rich
ruffles (Figure 1C). In contrast to the relatively sparse basal
MT network in polarized cysts, HGF-induced cell extensions
contained numerous bundled MTs that extended into the
distal extension tips (Figure 1C, inset). MT acetylation was
increased in HGF-induced extensions indicating increased
MT stability compared with apical-basal polarized cells in
which acetylated MTs were mostly localized to the apical
surface and primary cilia (see Figure S1A available online) [15].
To test whether HGF-induced MT reorganization was medi-
ated by centrosome reorientation toward the cell front as
occurs in many cell types migrating on a 2D surface [4], we
analyzed centrosome dynamics in HGF-induced extensions.
In contrast to polarized cells in which both EGFP-g-tubulin-
marked centrosomes remained in close proximity near the
apical surface, the two centrosomes often moved significantly
apart in HGF-induced cell extensions (Figures 1D and 1E).
Typically, one centrosome remained close to the apical
surface, whereas the other one appeared to be pulled away,
suggesting the presence of intracellular forces that may be
unique to cell shape changes in a 3D environment. Neverthe-
less, both centrosomes remained behind the nucleus in the
apical domain in >98% of cells with HGF-induced extensions
(n = 50). Although centrosome reorientation may occur after
cells lose their apical surface [16], it is not required for HGF-
induced MT reorganization.
To directly visualize MT reorganization and dynamics in 3D
epithelial structures, we expressed EB1 tagged with twoEGFP moieties, EB1-2xEGFP, that yielded consistently bright
signals on growing MT ends after optimization of imaging
conditions (Figures S1B and S1C). In both polarized and
HGF-treated cells, the density of growingMT endswas highest
in the apical domain, consistent with apical MT nucleation
(Figure 1F). Kymograph analysis indicated predominant MT
growth toward the basal surface. In HGF-treated cysts, MTs
continued to grow into cell extensions with increased growth
rate and persistency. Growing MT ends also frequently
bumped into and deformed the HGF-induced extension tip,
suggesting that MTs may mechanically contribute to protru-
sion or extension stability (Movie S1). Together, these results
suggest that MT reorganization during HGF-induced exten-
sion formation is mediated through regulation of MT growth
dynamics.
EB1 Is Required for HGF-Induced Epithelial Remodeling
in 3D
EB1 is a central adaptor protein linking most +TIPs to growing
MT ends, and EB1-recruited +TIP complexes likely play impor-
tant roles in MT plus-end dynamics and interactions [6, 10]. To
determine +TIP function during epithelial morphogenesis and
remodeling, we targeted EB1 in MDCK cells by RNA interfer-
ence. Because the canine genome contains predicted EB1
genes on over ten different chromosome loci, we developed
eight short hairpin RNA (shRNA) lentivirus constructs to target
different combinations of homologous sequences. shRNA
constructs #1 and #3 resulted in >95% depletion of EB1
protein (Figure 2A). Although redundancy between EB1 and
EB3 has been reported in other mammalian cell types [17],
plus-end-tracking of three different EGFP-tagged +TIP
proteins, CLASP2 [8, 18], MCAK [10, 19], and APC [10, 20]
was reduced w5-fold in EB1-depleted cells (Figure 2B;
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756Figure S2A), indicating that EB1 shRNA is an efficient tool to
disrupt +TIP protein complexes at growing MT ends in
MDCK cells.
We next tested how EB1 depletion affected epithelial cyst
morphogenesis and HGF-induced remodeling. Although
most EB1-depleted cysts developed normally, there was a
modest increase in the number of cysts with abnormally small
or collapsed lumen (Figures S2B, S2C, S2E). In addition, apical
localization of podocalyxin (GP135) [21] indicated normal
establishment of apical-basal polarity (Figure S2D). In con-
trast, HGF-induced epithelial remodeling was markedly
affected in EB1-depleted cells. After 16 hr in HGF, extensions
formed by EB1-depleted cysts were significantly shorter, more
branched, and appeared to retract and change direction more
frequently than extensions and multicellular chains formed by
control cysts (Figures 2C and 2D; Movie S2). EB1 depletion
also resulted in significant morphological differences in later
stages of HGF-induced epithelial remodeling (Figure S2F).
Both shRNAs #1 and #3 produced identical defects in HGF-
induced extension formation, indicating that the phenotype
is EB1 specific (Figures 2C and 2D). In addition, expression
of a dominant-negative EB1 fragment (EB1C, Figure S1B)
[17] similarly inhibited HGF-induced extension formation (Fig-
ure S2G). Together these data indicate that EB1 plays an
important role during epithelial remodeling in 3D.
EB1 Is Required for Microtubule Organization
in HGF-Induced Cell Extensions
To investigate the mechanism by which EB1 contributes to
HGF-induced epithelial remodeling, we analyzed how EB1
depletion affected MT organization and dynamics in polarized
and in HGF-treated cysts. Because MT growth is directed
toward the basal surface (Figure 1F) and EB1 is associated
with basal MT arrays [22], we predicted that EB1 is required
for MT interactions with the basal surface in polarized cells.
Time-lapse microscopy of EGFP-a-tubulin confirmed that
EB1-depleted cells had fewer, more curled MTs that displayed
increased, rapid lateral movements consistent with a lack of
cortical MT attachment (Figure S3A; Movie S3) [8]. MT density
was also decreased in EB1-depleted HGF-induced exten-
sions, and MTs appeared laterally mobile (Figure S3B, Movie
S3). MT arrays did not reach the cell tip in contrast to straight,
highly organized bundles in control cell extensions, further
suggesting a defect in the stabilization of MT growth and orga-
nization toward the leading cell tip (Figure S3C).
The high MT density and optical aberrations in the 3D
system made it impossible to quantify MT dynamics using
EGFP-a-tubulin. We therefore developed a double EGFP-
tagged, shRNA#3-resistant, EB1 construct truncated at amino
acid 248, EB1DC-2xEGFP (Figure S1B). Although EB1DC-
2xEGFP may rescue EB1-intrinsic effects on MT dynamics
[17], it is not expected to restore EB1-dependent recruitment
of other +TIPs to growing MT ends, and it did not rescue the
EB1-depletion phenotype (Figure 2E). We used computational
tracking of EB1DC-2xEGFP to analyze MT dynamics [23, 24].
Taking advantage of the spherical geometry of polarized
MDCK cysts, we first compared apical, medial, and basal
optical sections (Figures 3A and 3D; Figure S3D; Movie S4).
In both control and EB1-depleted cysts, MTs in medial
sections grew significantly faster than MTs in apical or basal
sections. Analysis of MT growth rates as a function of track
lifetime indicated that these differences are not an artifact of
differing geometries of these MT networks (Figures S3E and
S3F). In contrast, differences between control and EB1-depleted cysts were small and mostly not statistically signifi-
cant (Figure 3D; Table S1).
MT growth dynamics were significantly changed in HGF-
treated cells. MTs in the cell body and the bulk of HGF-induced
extensions grew considerably faster than in polarized cells,
although the growth rate decreased as MT ends approached
the leading extension tip (Figures 3B and 3E; Table S1;
Movie S5). Strikingly, the MT growth rate was already signifi-
cantly increased at the basal surface of HGF-treated cells prior
to extension formation (Figure 3F; Figures S3G and S3H), indi-
cating that HGF signaling directly stimulates MT growth and
that this increase is not solely due to cell shape changes.
However, MT growth rates in HGF-induced extensions of
EB1-depleted cells were indistinguishable from control cells,
and a gradient in growth rates between cell body and
extension tip remained statistically significant (Figure 3E).
Nevertheless, MT growth tracks in EB1-depleted HGF-
induced extensions were less organized and less directional
than those of control extensions (Figures 3B, 3C, and 3G).
In addition, EB1-depleted HGF-induced cell extensions dis-
played a highly unusual MT behavior. EB1DC-2xEGFP-labeled
MT ends often exhibited rapid and extensive retrogrademove-
ments (Figure 3H; Movie S5). Because EB1 only associates
with growing MT ends [6, 24], these movements reflect retro-
grade translocations of growing MTs and are not due to MT
depolymerization. Although some retrograde MT movements
occurred in control HGF-induced extensions and average
rates of these movements were similar in control (40 6
11 mm min21) and EB1-depleted cells (57 6 23 mm min21),
they were much more frequent in EB1-depleted cells and
covered significantly longer distances (Figure 3I). Together,
these data demonstrate that during HGF-induced epithelial
remodeling, EB1-recruited +TIP complexes do not appear to
control spatial or HGF-induced differences in MT growth rates
but instead are required for proper reorganization and stabili-
zation of the cell extension MT array.
EB1-Depleted Cells Display Uncoordinated Protrusion
andAdhesion Dynamics, and Disrupted Vesicle Trafficking
To further characterize epithelial remodeling defects in EB1-
depleted cells, we analyzed HGF-induced cell extension
dynamics by imaging of mEGFP-Lifeact, a small yeast peptide
that binds F-actin [25, 26]. Control HGF-induced cells elon-
gated persistently with a small F-actin-rich lamellipodia-like
structure near the tip of the cell extension (Figure 4A; Movie
S6). In contrast, actin dynamics were increased and delocal-
ized in EB1-depleted cells. Highly dynamic, short-lived
F-actin-rich ruffles formed along the length of the extension
resulting in multiple branched protrusions and a lack of
productive forward movement. These mislocalized actin
dynamics were particularly evident in maximum intensity
projections of mEGFP-Lifeact time-lapse sequences. Cells in
control cysts mostly protruded directionally, whereas EB1-
depleted cysts had a fractal-like appearance indicative of
extensive protrusion and retraction in many different direc-
tions (Figure 4B).
The inability of EB1-depleted cells to stabilize a dominant
protrusion indicated a failure to productively interact with
the extracellular matrix. To investigate this, we expressed
paxillin-EGFP to visualize focal adhesion dynamics in HGF-
induced cell extensions. Despite controversy over whether
focal adhesions are relevant during cell migration in 3D [27],
control cells formed pronounced focal adhesions at the distal
end of the extension that appeared to mature and turn over in
Figure 3. Analysis of Microtubule Dynamics in 3D Epithelial Structures
(A–C) Representative images of EB1DC-2xEGFP tracking in (A) a polarized, control shRNA cyst and HGF-induced extensions of (B) control and (C)
EB1-depleted cysts. Left panels are single images of the time-lapse sequence, middle panels showmaximum intensity projections over the entire sequence
(100 frames recorded at 2 frames s21), and right panels show computer-generated tracks overlaid on the maximum intensity projection indicating tracking
quality. Only tracks with a lifetime of >2.5 s are shown. Tracks in (B) and (C) are color-coded for growth rate.
(D) MT growth rates in apical, medial, and basal optical sections in control or EB1-depleted polarized cysts.
(E) MT growth rates in the cell body, extension, and extension tip in control or EB1-depleted HGF-induced extensions. Division of cells into these three
regions is indicated on the right of (B) and (C).
(F) MT growth rates in basal optical sections in polarized cysts in Matrigel expressing EB1-2xEGFP before and 5 hr after HGF addition.
(D–F) Gray symbols represent the average growth rate of all tracks per cell and indicated condition. p values of relevant comparisons are indicated on
the graphs.
(G) Kymographs of the cells shown in (B) and (C).
(H) EB1DC-2xEGFP time-lapse sequence in an EB1-depleted HGF-induced extension. The region shown is indicated in (C). Two growing MT ends that
display extensive retrograde movements are highlighted by arrows. Elapsed time is in seconds.
(I) Number and distance of all retrograde MT movements in ten control and EB1-depleted HGF-induced extensions. Each gray symbol represents a
retrograde movement event. Scale bar represents 10 mm. See also Figure S3 and Movies S3, S4 and S5.
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Figure 4. Uncoordinated Protrusion Dynamics in EB1-Depleted Cells
(A) mEGFP-Lifeact time-lapse sequences of HGF-induced extensions in control and EB1-depleted cysts. Each image is a maximum intensity projection of
three optical sections (2 mm between sections) to compensate for cell movement out of the plane of focus. Elapsed time is in min:s.
(B) Maximum intensity projection over 2 hr time-lapse sequences, which highlights increased and uncoordinated actin dynamics in EB1-depleted cells.
Scale bars represent 10 mm. See also Movie S6.
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(Figure 5A; Movie S7). This was severely disrupted in EB1-
depleted extensions in which adhesions appeared uncoordi-
nated with respect to protrusion advancement. Consequently,
adhesions in EB1-depleted cells remained significantly less
elongated, suggesting a defect in tension-mediated adhesion
maturation (Figure 5B).
We next analyzed HGF-treated cysts by high-resolution
differential interference contrast (DIC) microscopy to test
how such uncoordinated protrusion and adhesion dynamics
affected cell-matrix interactions (Figure 5C; Movie S8). Control
extensions displayed long phases of persistent outgrowth
that coincided with progressive pulling on and deformation
of the collagen matrix. Pulling forces were evident by collagen
fiber alignment in front of the extension aswell asmovement of
fiduciary marks in the collagen matrix toward the extension tip
(Figure 5C, arrows). In contrast, EB1-depleted cells did not
productively engage collagen fibers, resulting in little and
nondirectional net movement of the collagen matrix. To deter-
mine whether the apparent lack of focal adhesion maturation
and absence of matrix pulling forces correlated with
decreased actomyosin contractility, we stained HGF-treated
cysts for myosin regulatory light chain phosphorylation
(pMLC), the main activator of nonmuscle myosin [28]. Asreported previously, pMLC localized along cortical actin fibers
in control cell extensions (Figure 5D) [16]. In contrast, in EB1-
depleted cells we only observed punctate pMLC staining
and no enrichment along the cortical actin cytoskeleton, indi-
cating decreased actomyosin contractility (Figure 5E).
Efficient vesicular trafficking is associated with directed
migration [29–31] and depends on an intact MT cytoskeleton.
To test whether disrupted trafficking could provide a mecha-
nistic link between MT cytoskeleton defects and epithelial
remodeling phenotypes in EB1-depleted cells, we analyzed
the dynamics of VAMP3, a recycling endosome-associated
SNARE that has been implicated in membrane, integrin, and
matrix metalloprotease transport to the leading edge
[30, 31]. In both control and EB1-depleted HGF-induced cells,
EGFP-VAMP3 localized to the plasmamembrane and to highly
dynamic tubulovesicular structures that displayed rapid
bidirectional movement along the length of cell extensions.
In control cells, VAMP3-positive vesicles were closely associ-
ated with the tip of HGF-induced extensions and rapidly
moved into newly formed membrane protrusions (Figure 6A).
In contrast, membrane protrusions that formed in EB1-
depleted extensions often remained devoid of VAMP3-posi-
tive vesicular structures, likely because they lackedMT tracks.
Although it was not possible to unambiguously detect or track
Figure 5. EB1 Is Required for Productive Interactions with the Extracellular Matrix
(A) Paxillin-EGFP time-lapse sequences of HGF-induced extensions in control and EB1-depleted cysts. Each image is a maximum intensity projection of
three optical sections (1 mm between sections). Insets show higher magnification of indicated areas.
(B) Axial ratio, defined as long divided by short axis, of focal adhesions in control and EB1-depleted extensions. The three longest adhesions weremeasured
for each extension, and each circle represents one adhesion (n = 60 adhesions in 20 cells).
(C) DIC time-lapse sequences of HGF-induced extensions protruding into the surrounding fibrillar collagen matrix. Arrows indicate movement of fiduciary
marks in the collagen between first and last frame shown. Elapsed time is indicated in min:s in (A) and (C).
(D) pMLC immunofluorescence in HGF-induced extensions. Each image is amaximum intensity projection of three optical sections (1 mmbetween sections).
Arrows indicate pMLC staining along cortical actin cables in control cells.
(E) Ratio of pMLC fluorescence intensity along cell extension edge and cytoplasm (n = 20 cell extensions). See also Movies S7 and S8. Scale bars represent
10 mm.
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759individual vesicles, consistent with this observation, total
EGFP-VAMP3 fluorescence was significantly enriched near
the tip of HGF-induced extensions in control but not in EB1-
depleted cells (Figure 6B). Together these data suggest that
EB1-mediated organization of the MT cytoskeleton and asso-
ciated vesicle delivery to the tip of HGF-induced extensions
are likely required to coordinate cell-matrix adhesion and
protrusion dynamics during 3D epithelial remodeling.Discussion
We report for the first time direct analysis and comparison of
MT dynamics in apical-basal polarized epithelial cells and
during growth factor induced epithelial remodeling by taking
advantage of the spherical geometry of ECM-embedded
apical-basal polarized epithelial cysts that allows optical
sectioning in different planes. Adaptation of this tissue culture
Figure 6. EB1 Depletion Disrupts VAMP3-Positive Vesicle Trafficking to the Extension Tip
(A) EGFP-VAMP3 time-lapse sequences of control and EB1-depleted HGF-induced extensions. Faster time scale in control cell demonstrates the rapid
movement of vesicles into the extension tip, whereas the membrane protrusion in the EB1-depleted cell remains vacant over a much longer time period.
Arrows indicate vesicle movement into the extension tip. Elapsed time is indicated in min:s. Scale bar represents 5 mm.
(B) VAMP3-positive vesicles accumulate near the extension tip in control cells. The graph shows a quantification of the ratio of EGFP-VAMP3 fluorescence
intensity near the extension tip and in the middle of the cell extension (n = 25 cells). Scale bar represents 10 mm.
(C) Model of EB1 contribution to cell migration in a 3D environment. EB1-recruited +TIP complexes anchor and stabilize MTs along the HGF-induced cell
extension, providing mechanical resistance to contractile forces in the cell body and establishing transport tracks toward the extension tip.
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30–50 mm of the coverslip surface allows spinning disk con-
focal microscopy with high numerical aperture oil immersion
objectives. Although light scattering, spherical aberration,
and lens-like properties of the epithelial sphere limit image
resolution and signal intensity, equivalent high-resolution
imaging of MT dynamics in epithelial cells in a 3D environment
has not been achieved previously. We further used advanced
computational tracking to quantify MT growth rates, thus gain-
ing important insight into the mechanisms of MT reorganiza-
tion during 3D epithelial remodeling. We believe that these
technical advances will be instrumental in future studies of
intracellular movements of cytoskeletal components, organ-
elles, and other structures in a physiological 3D environment.
In polarized epithelial cells, MTminus ends are thought to be
released from the centrosome and transported to tightjunctions where they become anchored [32]. Consistent with
MT minus-end localization near the apical surface [14, 32],
we found that lateral MTs almost exclusively grew from the
apical toward the basal cell surface. The growth rate of these
lateral MTs was slightly but significantly increased compared
with the more randomly organized apical and basal MT
networks, demonstrating spatial MT regulation in polarized
epithelial cells. Although MT growth at steep angles to the
focal plane would result in apparently decreased growth rates,
differences between different MT networks remained statisti-
cally significant for longer tracks that are more parallel to the
section plane. Thus, random arrangement of MT growth direc-
tions likely increases the variance of growth rate populations
but still allows conclusions about relative differences between
these populations. In HGF-induced cell extensions, the MT
growth rate was increased further compared with apical-basal
EB1 Function during 3D Epithelial Remodeling
761polarized cells. In addition, we observed spatial differences
in HGF-induced extensions in which the MT growth rate
decreased significantly toward the extension tip similar to
spatial gradients between the interior and lamella of epithelial
cells in 2D cultures [8, 24].
To analyze the function of +TIP proteins duringMT organiza-
tion in 3D epithelial structures, we targeted the central +TIP
adaptor protein EB1 [10] and demonstrate that EB1 depletion
in MDCK cells efficiently disrupts plus-end tracking of
different +TIPs. Both in polarized and HGF-stimulated cells,
MT growth rates were largely independent of the +TIP binding
activity of EB1, indicating that +TIP complexes do not function
as global MT dynamics regulators. Because HGF stimulation
results in sustained Pak1 activation downstream of Rac1 in
MDCK cells [33], the HGF-induced growth rate increase could
instead result from phosphorylation and inactivation of the
MT destabilizer Op18/stathmin [34]. However, because we
visualized growing MTs by expressing an EGFP-tagged EB1
MT-binding domain, we cannot exclude EB1-intrinsic effects
on MT dynamics [17].
Nevertheless, EB1 depletion markedly disrupted MT organi-
zation in HGF-induced cell extensions.MTs often did not reach
the cell extension tip, growingMT endswere less frequent, and
growth trajectories were disorganized. These MT organization
defects are consistent with the proposed functions of a
number of EB1-recruited +TIP proteins, including CLASPs,
APC, and ACF7, which link MT plus ends to the cell cortex
[7–9]. Defects in cortical MT interactions are also consistent
with the frequent rapid and extensive retrograde movements
of growing MT ends in EB1-depleted cells. Maximum rates of
such retrograde MT translocations exceeded 100 mm min21,
which is almost two orders of magnitude more rapid than
typical actin retrograde flow in epithelial cells [35, 36]. Thus,
MT-actin coupling cannot explain these movements. Instead,
we propose that they result from pulling forces on MTs in the
cell body and sudden loss of +TIP-mediated MT interactions
with the cell cortex. Although retrograde MT movements also
occurred to a lesser extent in polarized EB1-depleted cysts
(Movie S4), we rarely observed extensive retrograde MT trans-
locations in cells plated on a 2D surface, indicating that the
magnitude of these movements is related to unique forces
acting on MTs in migrating cells in a 3D environment.
Finally, we show that EB1-mediated reorganization of the
MT cytoskeleton is important for coordinated cell extension
and adhesion dynamics during HGF-induced epithelial remod-
eling. Although the underlying molecular mechanism is likely
complex and depends on multiple integrated functions of
the MT cytoskeleton, +TIP-mediated stabilization of MTs in
HGF-induced extensions is likely central to all these functions
(Figure 6C).MT dynamics have been proposed to directly influ-
ence Rho GTPase signaling [4, 37], which may be required for
lamellipodia formation in a dominant extension tip and to
restrict lateral protrusions. Mechanical resistance of stiff
EB1-anchored MTs to contractile forces may be particularly
important in a soft 3D environment to oppose cell retraction
and contribute to extension elongation [38]. In addition, our
data point toward a requirement of EB1-mediated stabilization
of theMT cytoskeleton for efficient vesicular trafficking toward
the tip of HGF-induced extensions. Reduced adhesion
maturation and actomyosin contractility could be consistent
with defects in integrin activation or recycling of adhesion
components. Transport and recycling of integrins, and other
adhesion or membrane components, is likely more important
during 3D cell shape remodeling andmigration due to differentgeometrical constraints and potentially longer distances
between the secretory machinery and the cell’s leading edge
comparedwith cells on a 2D surface. Strikingly, although basal
MT organization appeared disrupted in EB1-depleted polar-
ized cells, EB1 depletion had very little effect on establishment
ormaintenance of apical-basal epithelial cell polarity. Thismay
reflect incomplete EB1 knockdown or partial compensation by
homologous proteins; however, it does highlight different
requirements for EB1 and consequently +TIP protein functions
in apical-basal polarity compared with front-back polarity of
migrating cells. The similarity of MT organization in HGF-
induced cell extensions to that in growing neurons [39] and
fibroblasts migrating on linear tracks [40] further suggests
a conserved role of +TIP complexes during cell migration in
fibrillar 3D extracellular matrices. Thus, our work lays the
foundation for future studies how cell shape changes are coor-
dinated by intracellular signaling, cytoskeleton, and adhesion
dynamics in a physiological 3D environment.
Experimental Procedures
MDCK cells were cultured as described [12]. Stable EB1-depleted cell lines
were generated by pLKO.1 lentivirus-mediated shRNA [41, 42]. Imaging was
on a custom-built spinning disk confocal microscope [41]. MT growth rates
were determined using plusTipTracker [23]. All other image analysis was
performed in NIS Elements (Nikon). Detailed experimental procedures are
included in the Supplemental Information.
Supplemental Information
Supplemental Information includes three figures, one table, Supplemental
Experimental Procedures, and eight movies and can be found with this
article online at doi:10.1016/j.cub.2012.02.069.
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